ABSTRACT The manganese catalyst, (1R,2R)-(-)- [1,2-cyclohexanediamino-N,N'-bis(3,5-di-t- 
oxidation of Poplar organosolv lignin by H 2 O 2 were analyzed by GPC, 31 P NMR, and 13 C NMR.
Introduction
The search for alternatives to petroleum-derived chemicals and fuels has taken on increased importance in recent years. 1 Lignocellulosic biomass is an attractive source of renewable fuels and chemicals with a potentially smaller carbon footprint than petroleum-derived products. 2 Lignin is a large, complex, and heterogeneous macromolecule that is of particular interest because it is an abundant and unique source of electron-rich aromatic carbon that is not easily generated from other sustainable resources such as proteins or carbohydrates ( Figure 1 ). 2 Products from the depolymerization of lignin are envisioned as precursors and platform chemicals for the downstream production of not only commodity chemicals but also value-added fine chemicals such as pharmaceuticals. [3] [4] [5] Critically, however, any process used for the conversion of lignin into such value-added products must perform selective depolymerization reactions, leaving the natural aromaticity intact. Current, biorefinery models employ energy intensive and high temperature processes to depolymerize lignocellulosic biomass or lignin to produce bio-oil. [6] [7] [8] Despite recent advances in the thermo-catalytic processing of lignin, transforming lignin into higher value chemicals is very challenging because of its structural diversity, the high temperatures required to overcome its inherent recalcitrance, and the propensity of its depolymerization products to undergo a complex series of secondary (unwanted) reactions at elevated temperatures. To date, many processes using lignin generate complex and varied product distributions that are not amenable to the cost-effective isolation or extraction of any one value-added compound. 9, 10 The major lignin monomers (e.g., monolignols) consist of coniferyl alcohol, sinapyl alcohol, and coumaryl alcohol, corresponding to guaiacyl (G), syringyl (S), and p-hydroxyphenyl (H) groups respectively, with lignin. 11 Polymerization of these lignin monomers in the cell wall is achieved through coupling of phenoxy radicals generated by enzymes, such as peroxidases, laccases, polyphenol oxidases, and coniferyl alcohol oxidase, etc. 11 Delocalization of phenoxy radicals allows the coupling reaction to occur at multiple sites leading to the heterogeneous bonding arrays found in lignin, including many different ether and carbon-carbon linkages.
11
Lignin is a very stable polymer due to its inter-monomer linkage stability, substructural heterogeneity, and overall hydrophobicity, thus very few biological systems have the capability to degrade it. 12 In fact, the structure of lignin evolved over millions of years as part of plant defensive mechanisms, specifically to resist cell wall degradation from both biotic and abiotic environmental factors. In contrast to the laccases and peroxidases used by vascular plants to synthesize lignin, white rot fungi use laccases and peroxidases to oxidatively degrade lignin. 13 
Methods
General catalytic oxidation conditions.
All oxidation reactions were homogeneous and were run using the Mn catalyst, (1R,2R)-(-)- (1:1) at room temperature; an aliquot was removed once every h for 5 h and a final aliquot was taken after 24 h. Reaction products were passed through a silica gel column to remove the catalyst prior to analysis using GC-MS. The catalyst-free eluent was evaporated using a N 2 stream and the residue was derivatized using 25 µL N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) and 25 µL of pyridine. The internal standard, 3,4-dimethoxytoluene (10 mM), was added during the derivatization of the reaction products. Reaction products were then added to the MALDI matrix without further workup.
Oxidation

Oxidation of organosolv lignin.
Poplar organosolv lignin was oxidized by H 2 O 2 activated by the Mn catalyst as follows: 60 mg of organosolv was treated with 100 mM H 2 O 2 (added by syringe pump over 3 h) and activated by the manganese catalyst (1 mM) in 3 mL of solvent (2 EtOH : 1 H 2 O) at room temperature. After 3 h, the products were passed through a Bio-Rad Chelex column (100-200 mesh) to remove the catalyst. Ethanol was removed using a N 2 stream; water was removed by lyophilization. The dried reaction products were re-dissolved in the "appropriate solvent" for NMR or GPC analysis.
Two organosolv lignin control were used for comparison, one was worked up following the same protocol as the oxidized organosolv lignin and one was left untreated.
Gas chromatography-mass spectrometry (GC-MS) of the β-O-4 lignin model compound reaction products.
GC-MS experiments were performed on a Varian 3900 (GC) Saturn 2100T (MS) using a
Varian Factorfour™ VF-5ms capillary column (30 m x 0.25 mm 0.25 µm). The injection port was held at 250 °C and the initial oven temperature was maintained 50 °C; after two minutes the oven temperature was ramped to 300 °C over 28 minutes. Helium was used as the carrier gas at a constant flow rate of 1 mL/min. 
Matrix Assisted Laser Desorption/Ionization Time of Flight Mass Spectrometry (MALDI-
TOF
Gel permeation chromatography (GPC) of organosolv lignin reaction products.
Before GPC was carried out, lignin samples were acetylated according to a slightly modified published procedure to facilitate complete dissolution in the chromatography solvent, tetrahydrofuran (THF). 28 Thus, the dried lignin (15 mg) was dissolved in a 1:1 (v/v) acetic anhydride/pyridine mixture (2.00 mL) and stirred at room temperature overnight. Anhydrous ethanol (5 mL) was then added, and after 30 min, the solvent was removed by rotary evaporation. The residue was washed with ethanol and evaporated under reduced pressure three times until the acetic acid and pyridine was removed from the product (as determined by the absence of additional chromatographic peaks). The lignin acetate was then dissolved in THF (~10 mg/mL) and filtered through a 0.45-μm nylon membrane filter. GPC analysis was carried out using a Waters e2695 system with a 2489 Å ultraviolet detector and a 2414 Å refractive index detector on a three-column sequence of Waters TM Styragel columns (HR0.5, HR1, and HR3). THF was used as eluent, and the flow rate was 1.0 mL/min. Six narrow (polydispersity index of 1.1) polystyrene standards (0.68, 1.25, 3.47, 9.13, 17.6, and 34.8 kg/mol), diphenylmethane, and toluene were used to construct a relative, polynomial calibration curve.
Nuclear Magnetic Resonance (NMR) of the β-O-4 lignin model and organosolv lignin reaction products.
For 1 H, 13 C, and 1 H-13 C heteronuclear single quantum coherence (HSQC) NMR, ~50 mg of sample was added into a dry 2-dram vial with 0.5 mL DMSO-d 6. The mixture was stirred for several hours until the solids were completely dissolved. The solution was transferred into a 5 mm NMR tube and back-filled with argon. 1 H NMR experiments (45º pulse) were conducted using a Varian Inova 300 MHz spectrometer at 298K with a 2s recycle delay and 32 scans. 2D
HSQC correlation NMR spectra were conducted using a Varian Inova 600 MHz spectrometer at 313K. The HSQC analysis was performed using a standard gradient enhanced HSQC (gChsqc_BB) pulse sequence (with a 90° pulse, 0.11 acquisition time, a 1.5-s recycle delay, a J C-H of 145 Hz, and the acquisition of 256 slices and 128 scans. HSQC NMR assignments were carried out according to Kim et al. 29 13 C NMR inverse gated experiments (90º pulse)
were conducted using a Varian Inova 300 MHz spectrometer at 313K with a 12 s recycle delay and 8K scans. 13 C NMR assignments and analysis was accomplished in a manner analogous to that used by Capanema et al. 30 An Attached Proton Test (APT) experiment was conducted using a Varian Inova 300 MHz spectrometer at 313K with a 10 s recycle delay and 5K scans. (Table S1 ). The amount of oxidant used in GC-MS experiments was optimized for complete substrate conversion (10 mol eq.), while in experiments for NMR, MALDI, and GPC studies, only 2 mol eq. of oxidant was used to investigate the more interesting case of incomplete substrate conversions.
Under the conditions of the time course experiment described in the methods section, the GC-MS showed 91% of the β-O-4 model substrate was consumed, while producing a ~5% apparent yield of GC-MS-detectable products (Figure 3) . Over the course of the experiment, a continuous increase in product formation is seen, with the exception of product 2, which after the initial increase in relative abundance in the first hour, remains steady thereafter (Table S1 ). The absence of sufficient product to account for the full mass balance could be due to over-oxidation resulting in the formation of CO 2 and low molecular weight carboxylic acids, [33] [34] [35] as well as polymerization of the substrate. Radical polymerization is known to occur for lignin model compounds when phenoxy radicals are generated through oxidation of terminal phenols. (APT) NMR spectra confirmed that the peak at 128.2 ppm is a quaternary carbon ( Figure S7 ).
Peak assignments and integration for the 13 C NMR spectra are in Table 1 (peak assignments were made with reported chemical shifts for lignin model compounds, 38 HSQC NMR in Figure S6 , and APT NMR in Figure S7 ). Based on the integration of the peak at 128. 
NMR analysis of Poplar organosolv lignin oxidation products.
1 H NMR can be employed to broadly profile and quantify the presence of lignin functional groups (e.g., carboxylic acids, formyl, aromatic, and methoxyl protons); however, hydroxyl groups cannot be readily measured. As a result, a method to quantitatively determine hydroxyl group distributions in lignin has been widely applied that relies on the in situ phosphitylation of lignin hydroxyl groups using 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP). 31 The phosphorus atom that becomes adjacent and covalently linked to the oxygen atom of a lignin hydroxyl group and serves as a probe, generating resolvable 31 P NMR peaks that can be used to quantitatively profile aliphatic, syringyl (S), guaiacyl (G), p-hydroxyphenyl (H), and carboxylic hydroxyls. This type of 31 P NMR analysis does not give information on internal lignin monomer distribution, rather only the terminal lignin monomer distribution. However, it is particularly powerful in developing an understanding of lignin chain scission and condensation. Typically, hydrolysis of lignin inter-unit aryl ether linkages lead to a reduction in aliphatic hydroxyl content, along with an increase in phenolic content. 31 P NMR can also be used to detect C-C condensation at aromatic subunits that have terminal hydroxyls and C-O condensation at phenolic hydroxyls. 31 P NMR was used to analyze changes in organosolv lignin upon treatment with Chelex and/or oxidation by H 2 O 2 activated by the Mn-catalyst ( Figure 6 ). The mmol of lignin hydroxyl groups per g of lignin was quantified using the spectra shown in Figure 6 and the internal standard Nhydroxy-5-norbornene-2,3-dicarboximide (Table 2 ). There are some differences in the aromatic, carboxylic, and total hydroxyl group content upon treatment with Chelex when comparing the Chelex-treated and untreated lignin samples (both these samples are considered as controls because they were not exposed to H 2 O 2 and Mn-catalyst). Table 3 . 13 C NMR integration of organosolv reaction products. 109-103 1.4 1.3 1.6 13 C NMR spectra of untreated, control, and treated samples are shown in Figure S8 . Peak assignments and integration for the 13 C NMR spectrum of organosolv lignin reaction products are provided in suggests that oxidation has no effect on the lignin inter-unit linkages present ( Figure S9 ).
Second, the S/G ratio for the untreated and control lignin was ~ 1.8. In fact, the 13 aromatic carbon that is currently under-utilized due to the difficulty in breaking it down in a way that gives clean reaction products that can be easily refined. However, the effort expended on the difficult problem of lignin de-polymerization could result in a renewable non-petroleum based source for fuels and fine chemicals.
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